Introduction {#s1}
============

*C. elegans* is one of the simplest multicellular organisms with only 302 neurons in hermaphrodites. Our current understanding of its neural functions involves three major levels of hierarchical systems: genes, neurons, and behaviors. In the neuroscience of *C. elegans*, the most common approach to study neural functions is to apply a perturbation at the genetic or cellular level through techniques such as mutation, cell-ablation, or optogenetic stimulation, and then screen the worm at the behavioral level. Although proven to be effective, this approach is far from ideal because the behavioral screening is performed in a different hierarchical level than the level at which the perturbation was initially applied ([@bib3]). The general difficulty in making connections between these different hierarchies has hindered our ability to elucidate neural mechanisms connecting genes to behavior in *C. elegans* despite its extreme simplicity.

It would be advantageous if we could directly screen for the neural functions in *C. elegans*, because then we could apply perturbations and interpret the results all within one hierarchical level. Through the power of optogenetics, it has become possible to make parallel measurements of multiple neurons in *C. elegans* via 3D imaging of calcium activities ([@bib24]; [@bib28]; [@bib13]). More recent work describes methods to record pan-neuronal activities in moving worms using spinning disk confocal microscopy ([@bib33]). Here we have taken an integrated approach and developed a pan-neuronal functional screening system in which the neural activities from many of the neurons are recorded concurrently in an intact animal in response to precisely applied thermal stimuli, similar to previously reported systems with some customization to meet our experimental needs. We then connected these signals to behavioral outputs by repeating the thermal stimuli in carefully quantified behavioral assays.

Using pan-neuronal screening, we have discovered that the calcium flux in a pair of AWC neurons respond in opposite directions in reaction to noxious heat stimulation. AWCs are the amphid sensory neurons located in the head region of *C. elegans*, and are crucial for the sensing of certain volatile chemicals. Unlike most other pair-wise neurons, AWC neurons are functionally asymmetric: the AWC^ON^ neuron senses butanone odor, and AWC^OFF^ senses 2,3-pentanedione, while both neurons symmetrically sense benzaldehyde and isoamyl alcohol ([@bib34]; [@bib6]), which are essential for proper chemotaxis ([@bib8]; [@bib22]).

In thermosensation, AFD is the primary sensory neuron and is essential for thermotaxis ([@bib22]). As for the sensory neuron AWC, there have been some contradicting reports in terms of its involvement in thermosensation and thermotaxis. One group reports that AWC exhibits AFD-like continuous calcium transients in temperature ramps, and that its thresholds depend on the previously exposed temperature ([@bib14]). Another group also reports AWC's role in thermosensation but their calcium transients are more similar to interneuron AIY signaling (Figure 2B), in the way that they consist of short stochastic transients whose frequency responds to the previous temperature ([@bib4]). Also there is an electrophysiological study which detected no membrane current in AWC neurons in the thermal ramps ([@bib25]). A more recent study states that removal of AWC by laser ablation or cell-specific recCaspase expression results in no significant disruption either in positive or negative thermotaxis ([@bib19]).

In our pan-neuronal study, AWC's signal in response to temperature ramps shown prior to induce thermotactic responses was small and difficult to measure. However, when we applied either a very fast temperature rise (a few degrees in less than 50 ms) or high absolute temperature (33°C), we detected very deterministic AWC signals that are asymmetric in AWC^ON^ and AWC^OFF^: the calcium transients in AWC^OFF^ neurons are always positively correlated to the nociceptive thermal stimuli whereas the transients in AWC^ON^ neurons are negatively correlated. This novel activity was then tested in freely moving animals in which the nociceptive stimulation was applied to further investigate their role in physiological behaviors utilizing asymmetry mutants and laser ablation of AWCs. Indeed, the thermal avoidance behavior, which has been linked to the activities in the AFD, FLP, PVD, and PHC neurons ([@bib7]; [@bib18]; [@bib21]) is also strongly coupled to the AWC^OFF^ neurons but not AWC^ON^. By combining pan-neuronal calcium imaging with our novel behavioral analyses, we found that the AWC^OFF^ neuron is essential and sufficient for noxious heat sensation and the subsequent avoidance behavior.

Results {#s2}
=======

Pan-neuronal calcium imaging coupled with thermal perturbations reveals novel neural functions {#s2-1}
----------------------------------------------------------------------------------------------

In order to investigate the calcium dynamics in the nervous system of *C. elegans*, we have developed an imaging system with fast z-scan, multicolor, and thermal stimulation capabilities, along with a software package for automated system operation, image registration, cellular segmentation, gradient vector field (GVF)-based cell tracking ([@bib17]), and GPU-based 3D deconvolution ([@bib5]). The system utilizes wide-field illumination with post-acquisition deconvolution rather than confocal optics, allowing for very efficient collection of fluorescence in multiple optical planes. This combination has enabled fast acquisition of pan-neuronal images (20 fps) with minimal photo-toxicity and photo-bleaching (up to 45 min acquisition, [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}) using conventional calcium indicators expressed in the neurons of *C. elegans*.

We have generated transgenic *C. elegans* lines expressing a genetically encoded calcium indicator ([@bib36]) (G-GECO 1.1 coupled with DsRed2) in the nuclei of all the neurons for ratiometric pan-neuronal calcium imaging ([Figure 1A](#fig1){ref-type="fig"}). As previously reported ([@bib28]), we used nuclear-targeted indicators because the small size and compactness of the *C. elegans* nervous system makes whole neuron segmentation very difficult. Due to some motion artifacts, the ratiometric indicator was critical for the stable measurement of neural activities. We also co-expressed various cell specific neuronal markers (such as *glr-1p::mNeptune*, *tax-4p::mNeptune*, *odr-2p::mNeptune*) to accurately identify neurons in the head region.10.7554/eLife.19021.002Figure 1.Pan-neuronal calcium signals in response to thermal ramp.(**A**) A maximum-projection image of nuclear fluorescence in the head region of *C. elegans*. Pan-neuronally expressed G-GECO1.1 and DsRed2 are psuedocolored in green and red, respectively. *glr-1p::mNeptune* (psuedocolored in blue), among other markers, was used to help identify some of the head neurons. (**B**) A heat-map representation of the whole-brain calcium transients. Calcium activities are shown in color: the larger indicator ratio is expressed as reddish color while smaller is in blue. Each row is a calcium recording from a single neuron, and the time-series are sorted by correlation coefficient to AFD activity. Neurons identified for this study are labeled on the left side. (**C**) Thermotactic calcium responses during a temperature ramp (bottom) in AFD (top, *n* = 38, see also [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}), AIY (second panel, *n* = 14), and RIS (third panel, *n* = 18) neurons in adult worms which had been cultivated at 23°C. The intensity of the calcium indicator (G-GECO1.1) was divided by the intensity of the bicistronically coexpressed reference (DsRed2), and the ratios (G/R ratio) were plotted as a function of time. All measurements were made in the nuclei. Note that y-scale is different among the neurons. Error bars indicate standard errors (shaded areas in light blue). Source data are available in Figure_1-source_data_1.mat.**DOI:** [http://dx.doi.org/10.7554/eLife.19021.002](10.7554/eLife.19021.002)10.7554/eLife.19021.003Figure 1---figure supplement 1.T~C~-dependent thermosensory calcium responses in the nuclei of AFD neurons, extracted from the pan-neuronal recordings.The worms were cultivated at 21°C (top, *n* = 11, Figure_1-source_data_2.mat) and 23°C (middle, *n* = 8, Figure_1-source_data_3.mat) prior to the calcium imaging.**DOI:** [http://dx.doi.org/10.7554/eLife.19021.003](10.7554/eLife.19021.003)10.7554/eLife.19021.004Figure 1---figure supplement 2.Some of the representative calcium transients in the pan-neuronal measurements in response to a temperature ramp (same as [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}).RIS neuron (top left, *n* = 18) showed AFD-like T~C~-dependent calcium transients in response to the temperature rise \~3 degrees above T~C~. Command neurons such as AVA (left, second from top, *n* = 17) and AVD (right, top) have one of the strongest signals in *C. elegans*. These neurons usually show spontaneous activities regardless of external perturbations. Some motor neurons (RMDV, bottom, right, *n* = 12) and SMDV (right, second from top) have an oscillatory pattern; some of them also have negative correlation to AFD or RIS. Some neurons such as AVB (right, fourth from top, *n* = 5) and RME (bottom, right, *n* = 11) do not show any activity throughout the assay. Error bars indicate standard errors (shaded area in light blue). Source data are available in Figure_1-source_data_4.mat**DOI:** [http://dx.doi.org/10.7554/eLife.19021.004](10.7554/eLife.19021.004)10.7554/eLife.19021.005Figure 1---figure supplement 3.Cell identification by glr-1p::mNeptune marker.Pan-neuronally expressed G-GECO1.1 and DsRed2 are pseudocolored in green and red, respectively. *glr-1p::mNeptune* (psuedocolored in blue) was used to help identify some of the head neurons (blue labels). Using *glr-1p* expression as reference, as well as relative location of surrounding neurons, some of the thermosensory neurons are identified (red labels).**DOI:** [http://dx.doi.org/10.7554/eLife.19021.005](10.7554/eLife.19021.005)

Using this imaging strategy (see Materials and methods), we detected strong calcium signals in the nuclei of the command, motor, and sensory neurons ([Figure 1B](#fig1){ref-type="fig"}), but not in the nuclei of some interneurons such as RIA, which is in agreement with previous reports where the signals were detected in the neurites and cell body, but not in the nucleus ([@bib11]). Despite this shortcoming, we have successfully measured neural activities in many neurons under various thermal conditions and perturbations.

As a proof of concept of this approach, we first screened the neuronal activities for a well-studied sensory response\-\--thermotaxis. As previously reported ([@bib8]), we detected very strong and deterministic signals in the nuclei of AFD thermosensory neurons, when we gradually increased the worm's temperature, consistent with a dependence on the cultivation temperature (T~C~) ([Figure 1C](#fig1){ref-type="fig"}, top, and [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). We also detected similar but smaller signals from the nuclei of AIY interneurons ([Figure 1C](#fig1){ref-type="fig"}, second), as shown previously, confirming the efficacy of this approach ([@bib8]). We then screened for temperature-dependent signal changes in previously unreported neurons. One notable neuron was the GABAergic RIS neuron, which previously has been linked to quiescence but not thermosensation ([@bib32]). Unlike AFD or AIY neurons, the signals from the RIS neuron are broad and less consistent, but they are nonetheless dependent on the previously exposed temperature on average, and start to rise about 3°C above the T~C~ ([Figure 1C](#fig1){ref-type="fig"}, third). RIS is one example in this screening, and there were other neurons such as RMDV and SMDV, which showed negative correlation to the AFD or RIS activity ([Figure 1B](#fig1){ref-type="fig"} and [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}). These results demonstrate the effectiveness of the pan-neuronal functional screen in finding novel neural functions in response to external perturbations.

AWC neurons respond asymmetrically to noxious thermal stimuli {#s2-2}
-------------------------------------------------------------

Thermal nociception and thermotaxis involve mostly separate signaling pathways in *C. elegans* ([@bib9]; [@bib35]) but the circuitry of thermal nociception is not as well understood, so we next sought to identify novel neural functions in response to noxious thermal stimuli. Instead of a thermoelectric heat pump, we used a focused infrared laser (1440 nm) to rapidly heat up the head region of *C. elegans*. The laser beam was carefully controlled so that the local temperature rises from 23°C to 33°C within a few tens of milliseconds and held for 20 s with an interstimulus interval (ISI) of 30 s.

Similar to our thermosensory measurements, both the left and right AFD neurons showed the most distinct calcium signals with strong positive correlation to the noxious thermal stimuli ([Figure 2A](#fig2){ref-type="fig"}). Other sensory neurons such as FLP and thermotactic interneurons such as AIY also had positive correlation, albeit with reduced signal strength ([Figure 2B](#fig2){ref-type="fig"}). In contrast to the thermal ramp stimulation, the noxious thermal stimuli did not consistently invoke signals in the aforementioned RIS, RMDV, and SMDV neurons. Interestingly, AWC sensory neurons produced asymmetric calcium signals in response to the noxious thermal stimuli. One of the AWC neurons produced a deterministic, positive signal, and showed adaptation to repeated heating in a similar fashion to what we measured in AFD. While the other AWC neuron produced a deterministic negative signal that did not adapt. AWC neurons previously have been implicated in chemosensation ([@bib2]) and thermosensation ([@bib14]; [@bib4]), but not in noxious thermosensation.10.7554/eLife.19021.006Figure 2.Noxious heat stimuli and neural activities in the thermosensory neurons.The pink areas represent the time in which noxious heat stimuli were delivered by a 1440 nm laser. Calcium transients had positive correlation to the laser stimuli in AFDL (**A**, top, *n* = 6, Figure_2-source_data_1.mat), AFDR (**A**, bottom, *n* = 7, Figure_2-source_data_1.mat), FLPs (**B**, top, *n* = 10, Figure_2-source_data_2.mat), AIYs (B, bottom, *n* = 18, Figure_2-source_data_3.mat), and AWC^OFF^ (**C**, top, *n* = 17, Figure_2-source_data_4.mat). AWC^ON^ (C, bottom, *n* = 19, Figure_2-source_data_4.mat) showed negative correlation to the stimuli. (**D**) Coexpression of the calcium indicators with AWC^ON^/AWC^OFF^ markers for the asymmetry identification. Calcium measurements were made in the nuclei in AFD, AWC, and FLP, and in the neurites in AIY. Error bars are standard errors (shaded areas in light blue).**DOI:** [http://dx.doi.org/10.7554/eLife.19021.006](10.7554/eLife.19021.006)10.7554/eLife.19021.007Figure 2---figure supplement 1.Cellular identity of AWC^ON^ and AWC^OFF^ were confirmed by coexpressing cell-fate markers (*str-2p::DsRed* and *srsx-3p::GFP*) along with the calcium indicator.AWC^ON^ (top) had bright DsRed fluorescence throughout the neuron, which decreased the G/R ratio but did not significantly degrade the S/N. AWC^OFF^ neuron (middle) had strong srsx-3p::GFP expression which significantly raised the G/R ratio and masked the green signals from G-GECO calcium indicator, however AWC^OFF^ calcium signature was still detectable. Expression of such bright markers had no effect in the adjacent neurons such as AFD (bottom). Source data are available in Figure_2-source_data_5.mat**DOI:** [http://dx.doi.org/10.7554/eLife.19021.007](10.7554/eLife.19021.007)

Because the left/right neuronal dependence of the asymmetric calcium signals in AWCs switched randomly from worm to worm, we hypothesized that the asymmetry originated from the functional differences between AWC^ON^ and AWC^OFF^neurons, which also shows random left/right positioning between individual worms ([@bib34]). To test this hypothesis, we expressed G-GECO calcium indicators in the nuclei of AWC neurons, along with AWC^ON^ and AWC^OFF^ specific fluorescent markers (*str-2p::DsRed* and *srsx-3p::GFP*, respectively) with different emission wavelengths ([@bib16]) ([Figure 2D](#fig2){ref-type="fig"}). Calcium imaging of the transgenic strain revealed that the AWC^OFF^ signaling was positively correlated with the stimuli ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}, middle), while AWC^ON^ signaling was negatively correlated ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}, top). The amplitude of AWC^OFF^ signals adapted ([Figure 2C](#fig2){ref-type="fig"}, top) with repeated stimuli, similar to the calcium signals in AFD neurons ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}, bottom), but the signals in AWC^ON^ did not show a pattern of adaptation ([Figure 2C](#fig2){ref-type="fig"}, bottom).

*nsy-1* and *nsy-7* mutations alter the functional asymmetry in AWC neurons during noxious thermal stimulation {#s2-3}
--------------------------------------------------------------------------------------------------------------

In order to explore the physiological roles of AWC's functional asymmetry in response to noxious thermal stimulation, we expressed G-GECO calcium indicators in *nsy-1* and *nsy-7* mutants. These strains have cell-fate deficiencies with both AWCs becoming AWC^ON^-like in *nsy-1*, and AWC^OFF^-like in *nsy-7* ([@bib16]; [@bib31]). Calcium imaging in these mutants showed clear disruption of the functional asymmetry in response to the noxious stimulation. Both AWC neurons in *nsy-1* correlated negatively with the stimuli ([Figure 3A](#fig3){ref-type="fig"}) while both AWCs in *nsy-7* correlated positively ([Figure 3B](#fig3){ref-type="fig"}). Calcium transients in AFD neurons did not have any abnormality in either of the mutants ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}).10.7554/eLife.19021.008Figure 3.Asymmetric neuronal activities by the noxious heat stimulation disappeared in *nsy-1* and *nsy-7* mutants.(**A**, Figure_3-source_data_1.mat) Left and right AWCs became functionally indistinguishable: both AWCL (top, *n* = 10) and AWCR (bottom, *n* = 11) showed calcium transients similar to AWC^ON^ in *nsy-1*. (**B**, Figure_3-source_data_2.mat) In *nsy-7*, AWCL (top, *n* = 20) and AWCR (B, bottom, *n* = 21) behaved similar to AWC^OFF^. Pink areas represent laser stimuli. Error bars indicate standard errors (shaded areas in light blue).**DOI:** [http://dx.doi.org/10.7554/eLife.19021.008](10.7554/eLife.19021.008)10.7554/eLife.19021.009Figure 3---figure supplement 1.Both the *nsy-1* (*n* = 6, Figure_3-source_data_3.mat) and *nsy-7* (*n* = 17, Figure_3-source_data_4.mat) mutations do not affect the activity of AFD neurons in response to the noxious heat stimuli.Error bars indicate standard errors (shaded area in light blue).**DOI:** [http://dx.doi.org/10.7554/eLife.19021.009](10.7554/eLife.19021.009)10.7554/eLife.19021.010Figure 3---figure supplement 2.A 45 min calcium recording in AFD neurons using our pan-neuronal imaging system.Source data are available in the supplementary mat file (Figure_3-source_data_6.mat).**DOI:** [http://dx.doi.org/10.7554/eLife.19021.010](10.7554/eLife.19021.010)

We then performed behavioral screening in these mutants to determine if we could see behavioral variation due to their differences in AWC neuronal types. To perform these experiments, we built an assay system in which a combination of a halogen lamp and thermoelectric heat pump quickly raised the temperature of the entire assay plate from 23°C to 33°C in about 10 s. During each cycle the noxious heat was maintained for 20 s with an ISI of 30 s, and the cycle was repeated 5 times, roughly matching the temperature stimulus of the calcium imaging above. After the acquisition, the behavior of the worms in each frame was labeled as forward, reverse, omega turn, or pause. For each stimulation phase (pre-heat, heating, and cooling), the fraction of worms performing each behavior was measured ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}).

The fractions of worms performing the forward ([Figure 4A](#fig4){ref-type="fig"}, left) and reversal behaviors ([Figure 4A](#fig4){ref-type="fig"}, middle) during the first heating phase in both mutants did not show any significant difference from that of N2 wild-type; however, the fraction of turning behavior in the *nsy-1* mutant but not for *nsy-7* was significantly reduced ([Figure 4A](#fig4){ref-type="fig"}, right) suggesting a role of the AWC^OFF^ neuron in avoidance behavior. We also noticed that there is a pattern of adaptation in the fractions of turning and reversal behaviors during the repeated heating phases in N2 wild-type and *nsy-7*, but not in *nsy-1* ([Figure 4B and C](#fig4){ref-type="fig"}). The result matches the pattern of the calcium transients, in which AWC^OFF^ but not AWC^ON^ showed a similar pattern of adaptation.10.7554/eLife.19021.011Figure 4.Multiple worms were placed on an assay plate, and the temperature of the plate was quickly changed from 23°C to 33°C and back to 23°C for 5 cycles.After the acquisition, the behavior of each worm was carefully labeled as forward, reversal, omega turn, or pause. (**A**, Figure_4-source_data_1.mat) Fraction of worms engaged in each behavior during the first noxious heating phase. During this phase no difference is found in the forward behavioral fraction. A minor difference in the reversal fraction is found between *nsy-7* and the N2. The fraction of turning behavior in *nsy-1* is significantly smaller from that of other strains. \*\*\* indicates p ≤ 0.001 relative to N2. *n* = 131, 134, and 153 for N2, *nsy-1*, and *nsy-7*, respectively. (**B**, Figure_4-source_data_2.mat) Habituation of reversal and turning behaviors. In both behaviors N2 and nsy-7 but not *nsy-1* display a pattern of habituation during the heating phases. (**C**, Figure_4-source_data_2.mat) Forward-to-reversal transition rates also exhibit habituation in N2 and *nsy-7* but not in *nsy-1*. H1, H2, ... H5 indicate the heating phases 1 to 5, during which the temperature of the assay plate was raised to 33°C from 23°C (**D**, Figure_4-source_data_3.mat). Error bars indicate 83.4% confidence intervals (non-overlapping error bars of 83.4% CIs indicate p is \<0.05) calculated by bootstrapping with bias correlated percentile method and 1000 resampling iterations. Detailed statistics for each data point is provided in the supplementary mat files specified above.**DOI:** [http://dx.doi.org/10.7554/eLife.19021.011](10.7554/eLife.19021.011)10.7554/eLife.19021.012Figure 4---figure supplement 1.Fraction of all the behaviors in each stimulation phase for all the strains.The mean fraction before the stimulation (green triangle), during the stimulation (red circle), and during the interval (blue square) is plotted for each behavior and strain. Abbreviations for the x-axis labels are as follows; P: pre-heating phase, H1-H5: heating phases (33°C), L1-L5: low temperature (23°C) intervals. Error bars indicate 83.4% confidence level by bootstrapping. Detailed statistics for each data point is provided in the supplementary mat file (Figure_4-source_data_4.mat). Minimum number of worms analyzed: 96, 105, and 119 for N2, *nsy-1*, and *nsy-7*, respectively.**DOI:** [http://dx.doi.org/10.7554/eLife.19021.012](10.7554/eLife.19021.012)10.7554/eLife.19021.013Figure 4---figure supplement 2.Transition rate of selected transitions in each stimulation phase for all the strains.The mean transition rate before the stimulation (green triangle), during the stimulation (red circle), and during the interval (blue square) is plotted for each transition and strain. Abbreviations for the x-axis labels are as follows; P: pre-heating phase, H1-H5: heating phases (33°C), L1-L5: low temperature (23°C) intervals. Error bars indicate 83.4% confidence level by bootstrapping. Detailed statistics for each data point is provided in the supplementary mat file (Figure_4-source_data_5.mat). Minimum number of worms analyzed: 12, 9, and 6 for N2, *nsy-1*, and *nsy-7*, respectively.**DOI:** [http://dx.doi.org/10.7554/eLife.19021.013](10.7554/eLife.19021.013)10.7554/eLife.19021.014Figure 4---figure supplement 3.Graph representation of worm's major behaviors and their transition rates during the first heating phase.Each node represents fraction of behavior, while the edge represents transition rate between the behaviors in N2 (**A**), *nsy-1* (**B**), and *nsy-7* (**C**) strains. The width of the edges is proportional to the transition rates. Edges were omitted for transitions with zero rate. P-values in relative to the control transitions in N2 are indicated as follows: \*p≤0.05; \*\*p≤0.01; \*\*\*p≤0.001.**DOI:** [http://dx.doi.org/10.7554/eLife.19021.014](10.7554/eLife.19021.014)

We reasoned that, because the behavioral fractions are an averaged result of different types of behavioral transitions, changes in behavior due to having different types of AWC neurons might be hidden in the behavioral fractions. To reveal such subtle differences in behavior, we calculated the mean transition rates between all four behavioral states for all strains. We found that for the *nsy-1* mutant, the forward-to-reversal (FR) transitions during the first heating phase were reduced compared to the N2 wild-type and *nsy-7* ([Figure 4D](#fig4){ref-type="fig"}). It seems that the *nsy-1* mutation also affects the reversal-to-forward (RF) transition rates ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}), thus resulting in apparently wild-type reversal fraction. To visualize such complex relations between the behaviors and mutations, we generated network graphs of the major behaviors, in which the nodes represent the behavioral fractions and the edges represent transition rates ([Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}). The graphs indicate that the apparent reduction of the turn fraction in *nsy-1* is due to the balanced reduction in both the FR and the reversal-to-turn (RT) transitions. Likewise, the apparent similarity in the reversal fraction in *nsy-1* is the result of the reduction in both the FR and the RF transition as mentioned above. The *nsy-1* mutation did not significantly affect the turn-to-forward (TF) transition.

Another interesting feature of the transitions is that the FR transition rates in N2 and *nsy-7* adapt over the repeated heating phases, but not for the *nsy-1* mutant. This pattern is present only in the FR transitions ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}) and is similar to the adaptation pattern of the calcium transients in AWC neurons where AWC^OFF^ neurons displayed significant adaptation but not the AWC^ON^-like neurons. These results imply that the AWC^OFF^ neuron is responsible for the accelerated FR transition rate during the noxious heating, and for its adaptation to repeated heating stimuli.

AWC^OFF^ but not AWC^ON^ is required for the normal reversal after noxious thermal stimulation {#s2-4}
----------------------------------------------------------------------------------------------

The plate-heating assays revealed significant reduction in the FR transition rate among the strains lacking functional AWC^OFF^ neurons. In order to reinforce this hypothesis, we focused on this FR transition and sought to observe altered reversal behaviors by inflicting instantaneous noxious stimuli on the worms. In order to perform this task, we have developed a worm-tracking system with a 1440 nm laser and galvanometer scanners on which a freely crawling worm can be programmatically zapped at a precise time and body location. A 100 ms laser pulse (50 mA) heats a small region (150 µm) \~1.2°C above the ambient temperature (23°C). A heating pulse with these parameters to the head region of a worm causes a deterministic noxious avoidance response: a long reversal locomotion usually followed by an omega turn. We tested whether there is any abnormality in this avoidance behavior among the AWC asymmetry mutants.

Compared to the wild-type, the *nsy-1* mutant that does not have functional AWC^OFF^ neurons displayed a 5-fold reduction in mean reversal duration, whereas the *nsy-7* mutant that do carry functional AWC^OFF^ neurons maintained a similar reversal duration ([Figure 5A](#fig5){ref-type="fig"}). Interestingly, the reduction in the reversal duration in *nsy-1* was reverted by increasing the laser current to 150 mA suggesting that the avoidance behavior is triggered either by a mechanism involving a nociceptive threshold, which is higher in the AWC^ON^-like neurons, or by other signaling pathways.10.7554/eLife.19021.015Figure 5.AWC asymmetry mutant strains (**A**) as well as AWC-ablated worms (**B**) were tested for the avoidance behavior right after a short pulse of noxious stimulation.The acquired images were manually examined to determine the duration of the reversal behavior after a laser zap. The mean reversal duration was plotted for each combination of conditions. Applied laser power, number of functional AWCs either as a result of mutation or laser ablation, and strain names are displayed at the bottom of each plot. Error bars are the 83.4% confidence intervals calculated by bootstrapping. Mann-Whitney was used to compare two means. P-values in relative to the control (A, leftmost) are indicated as follows: \*p≤0.05; \*\*p≤0.01; \*\*\*p≤0.001. Number of samples from left (*n* = 12, 16, 5, 11, 14, 5, 19 11, 20, 11, 11). Detailed statistics for each data point is provided in the supplementary mat file (Figure_5-source_data_1.mat).**DOI:** [http://dx.doi.org/10.7554/eLife.19021.015](10.7554/eLife.19021.015)

Lastly, we laser-ablated either one or both of the AWC^ON^/AWC^OFF^ neurons and examined their behavior in response to noxious thermal laser heating, to see if the above outcomes in the mutants are the result of the loss of AWC asymmetry or some other mechanism outside AWC. As expected, we observed that ablating the AWC^ON^ neuron did not significantly alter the reversal duration after the stimulation at 50 mA. However, ablating either AWC^OFF^ or both AWCs significantly reduced the reversal duration immediately after the stimulation ([Figure 5B](#fig5){ref-type="fig"}), confirming that the AWC^OFF^ neuron is required and sufficient for noxious thermal avoidance following the stimulation with the conditions described above. At higher laser currents, worms with the AWC^OFF^ neuron or both AWC^ON^/AWC^OFF^ neurons ablated increased their reversal duration, suggesting the likely presence of another thermal nociceptive signaling pathway.

Discussion {#s3}
==========

In order to understand how a network of neurons function as a system, it is important to be able to characterize the dependence of a behavioral output on the internal states of the network ([@bib26]). Up until now, much effort has been spent on finding such causative correlations by first screening for abnormal behaviors among mutants, making educated guesses as to which neurons were responsible for the abnormality, and then generating transgenic animals that express functional probes such as a fluorescent calcium indicator in the candidate neurons. Only after this lengthy process could one start looking at specific neurons for the evidence of neural mechanisms. If there were no difference in the neural activities of the candidate neurons in the mutants, then the whole process would have to be repeated. Due to the iterative and serial nature of this approach it is an innately inefficient method to map out functional connections.

Our pan-neuronal approach, among other similar approaches previously reported, is more direct than most neurogenetic schemes. The functional screen broadly searches for activity in response to specific perturbations such as externally applied heat stimulation. If correlations between the applied perturbation and neural activities can be identified, it is relatively easy to functionally manipulate the network by using readily available techniques such as cell-specific mutations, cell ablations, and optogenetics, in order to reveal the neural mechanisms. With a pan-neuronal approach, the critical steps can be performed within the same level of the system's hierarchy, thus facilitating the interpretation of the results. Once the responsible neurons are identified for the perturbation, one can proceed to behavioral assays using similar stimuli, and identify the behavioral outputs to complete the mapping of the entire signal transduction from the external perturbation to behavioral output via the identified neuronal circuitry.

As we have demonstrated in this study, the pan-neuronal approach can be very efficient in that we were able to map most of the previously reported thermosensation circuitry in a single screening. Moreover, we also identified previously unidentified neurons such as RIS for thermosensation and AWC asymmetry for thermal nociception. From the results of the initial functional screening, we chose the AWC asymmetry to further investigate the neural mechanisms of the thermal nociception circuitry.

The behavioral assay results of the *nsy-1* mutant and AWC^OFF^ ablated worms, suggest that the AWC^OFF^ neuron plays a critical role in sensing and/or processing thermal nociception in the central nervous system of *C. elegans*. For the transition rates of the behaviors in the plate-heating experiment, the genetic conversion of AWC^OFF^ to AWC^ON^ resulted in reduced FR, RF, and RT transitions and the mutation also caused an overall reduction of omega turns. Moreover, for the head-directed laser stimulation assay, the duration of the escape response (reversal) was reduced only when AWC^OFF^ was absent. In the previous studies concerning olfactory functions in AWC neurons, AWC^OFF^ was implicated in detecting the removal of attractive odor, and in activating a local search behavior consisting of reversal and omega turns ([@bib6]). Our findings are in good agreement with the previous ones in that both in the olfactory and nociceptive sensation, AWC^OFF^ is required for reversal locomotion and omega turns.

The role of the AWC^ON^ neuron in nociception is less clear. Because the *nsy-1* mutant has two functional AWC^ON^ neurons, it was thought that some of the *nsy-1*-specific behavior might have been caused by an increase in total AWC^ON^ activity. This hypothesis was rejected by ablating only the AWC^OFF^ neuron, leaving a single AWC^ON^ neuron, and showing that the reversal duration was essentially the same in both cases. The plate-heating behavioral measurement of *nsy-7* implied a slightly elevated reversal fraction with decreased RF and TF transition rates during nociceptive stimulation. AWC^ON^ might have a role in exiting the avoidance behavior, similar to dispersal behavior in foraging; further study is required for AWC^ON^'s involvement in this role.

There have been some discrepancies reported for the roles of AWC neurons in thermosensation ([@bib14]; [@bib4]). One possible explanation is that since it was not a common practice to distinguish between AWC^ON^ and AWC^OFF^ functions in thermosensation, the calcium signals in these neurons might not be identical. This is only a speculation since we did not detect strong nuclear calcium signals in AWC neurons in the physiological temperatures using our pan-neuronal calcium indicators. Future studies might be able to answer some of the questions by using a temperature range much wider than a typical thermosensation analysis, so that the true dynamic range of AWC's thermosensation, even in the extremes, can be analyzed.

There are some limitations with our approach and a number of improvements to be made. Our imaging is done while the worm is paralyzed and in principle the signals we see here might be different than those in a freely behaving worm. However, this is why we follow up with detailed behavioral measurement using similar thermal stimuli on freely moving worms, so we can connect neuronal function with behavioral output. Recent work has demonstrated measuring calcium signals in freely behaving worms ([@bib23]; [@bib37]; [@bib33]) and so a completely integrated experiment with the detailed signal and behavioral measurements shown here is certainly possible. Also, our pan-neuronal calcium indicators are localized only to the nuclei and so we miss a number of functional signals that are located in the cytoplasm, perhaps far distal to the cell body. Furthermore, vigorous research is currently taking place to improve the performance of functional fluorescent indicators. Newer indicators such as GCaMP6 might reveal neuronal signals with more detail due to the difference in their physical properties such as calcium dissociation constant, which might be more suitable for some neurons in *C. elegans*. We proceeded here with this limitation because we knew that cellular identification and segmentation would be challenging, and after identifying neuronal candidates we follow up with traditional cytoplasmic calcium indicator expression and measurement. As the computational process of segmentation advances, future research may try to express the calcium indicators in some of the interneurons in other subcellular compartments such as the cell body and neurites. In such scenario, one should perhaps use calcium indicators with different fluorescence wavelengths to differentiate the neural fibers that are located closer than the diffraction limit of visible light. Alternatively, superresolution microscopy may be utilized to resolve the congested neural fibers, so that the pan-neuronal imaging might be practicable without relying on the nuclear expression of the indicators.

In conclusion, we have developed a pan-neuronal imaging-based functional screening scheme, which can concurrently measure the neural activities of most of the neurons in *C. elegans*. We have demonstrated that the screening scheme can efficiently identify the neural circuitry for various sensory mechanisms, both previously known and unknown. Among the newly discovered circuitry, we investigated in detail the roles of AWC asymmetry in thermal nociception, and showed that AWC^OFF^ neuron is critical to initiate the avoidance behavior by accelerating the FR transition rate. This screening scheme increases the efficiency of functionally mapping circuits from sensation to behavioral output. It is our hope that this technology will assist researchers interested in understanding complex neural functions in *C. elegans* and other optogenetically accessible model systems.

Materials and methods {#s4}
=====================

Pan-neuronal imaging system with thermal stimulation {#s4-1}
----------------------------------------------------

An inverted microscope (Eclipse Ti, Nikon, Melville, NY) with two stacked fluorescence filter turrets was configured to acquire two channels of images simultaneously with two EMCCD cameras (iXon^EM^+ DU-897, Andor, Belfast, UK): the upper turret was used for fluorescence illumination with a regular filter cube; while the lower turret was used for spectrally separating fluorescent images using a special rigid filter cube (91032, Chroma, Bellows Falls, Vermont) with a dichroic mirror (T505lpxr, Chroma). Long-pass images go to a camera port on the left side while the reflected images go to a customized port in the back. An objective lens (Plan Apo 60x WI NA 1.20, Nikon) was equipped with a piezo flexure objective scanner (P-721.SL2, PI, Karlsruhe, Germany) and a digital piezo controller (E-709.SRG, PI) for fast scanning along the z-axis. A fast scanning stage (MLS203, Thorlabs, Newton, New Jersey) with a brushless servo controller (BBD203, Thorlabs) was used for tracking the small positional changes during thermal stimulus. A fiber-coupled IR laser (FOL1404QQM-617-1440, Fitel, Tokyo, Japan) and its controller (LDC210C, Thorlabs) were used for local heating. We chose the wavelength to selectively heat up water molecules without directly stimulating any other biomolecules in the tissue ([@bib29]). High-power LEDs (M617L2, M470L2, Thorlabs) along with their drivers (LEDD1B, Thorlabs) were used for fluorescence excitation. A thermoelectric heat pump (MCTE1-19913L-S, Farnell, Leeds, UK), a thermoelectric recirculating chiller (T255P-3CR, Coherent, Santa Clara, California), and a temperature controller (5R6-900, Oven Industries, Camp Hill, Pennsylvania) controlled the temperature of the specimen. An analog output module (NI 9263, National Instruments, Austin, Texas) sent control signals to the LEDs, laser controller, and piezo controller. An analog input module (NI 9219, National Instruments) was used for feedback acquisition from the piezo controller and laser controller for their positions and power, respectively. All the controllers, drivers, cameras, and the microscope were connected to a PC (Windows 7 64-bit, Microsoft, Redmond, Washington); a custom-made software package in MATLAB (Mathworks, Natick, Massachusetts) was used for coordinated illumination, z-axis scanning, multi-channel image acquisition, sample movements, temperature control, noxious thermal stimulation, auto-focusing, and data recording. The Nikon Ti SDK (4.4.1.728 64bit) and the ImageJ API ([@bib27]) were used to bridge the microscope and cameras to the MATLAB scripts. The software package is available here:[ https://github.com/ikotera/WormAnalyzer.](https://github.com/ikotera/WormAnalyzer)

Calcium imaging {#s4-2}
---------------

A transgenic adult worm was anesthetized with 20 mM levamisole (31742, Sigma-Aldrich, St. Louis, Missouri) and sandwiched between a coverslip and a 300 µm-thick 2% agarose pad on a microscope slide. We waited 15 min before recording to let the worm's muscle tension come to equilibrium. The temperature of the sample was calibrated and maintained with a custom-designed temperature control system, which monitored the temperature of the room, objective lens, and microscope slide, and adjusted the thermoelectric elements accordingly. To minimize phototoxicity and maximize image quality and time resolution, the LED and camera shutter were synchronized so that the worm was illuminated only during the CCD exposure (10 ms, 10--20 fps). For calcium imaging with noxious heat stimulation, the images are acquired for 50 s without any stimulus; then the predefined heat stimulus for 20 s with an ISI of 30 s and repeat count of 5 were performed. Most of the worms survived this condition and showed no behavioral defect a few hours after they were transferred back to an NGM plate.

Image analysis {#s4-3}
--------------

A software package was written in MATLAB for all of the image processing (all scripts except for the 3D deconvolution code available here: <https://github.com/ikotera/WormAnalyzer>). The image streams from two cameras were saved on a disk as raw binaries. The analysis script loads all the data to RAM (minimum 16GB required), and performs 3D deconvolution on a CUDA-capable GPU (GTX770, NVidia, Santa Clara, California) by a custom-made algorithm ([@bib5]). Then the images are subjected to subpixel image registration by a single-step discrete Fourier transform algorithm ([@bib10]) utilizing the GPU. After the pretreatment of the images, the script adaptively segments and tracks all the neurons, and extracts calcium signals from each neuron. The analyzed images and data are saved as binaries. The process up to here is fully automatic without any human intervention, and takes about 3x the image acquisition time with a high-end CPU and GPU. We designed a GUI to help with manual identification. The GUI is loaded for displaying images and neural activities with an easy navigation through multiple image planes and neurons by keyboard shortcuts and mouse clicks, vastly improving the efficiency of manual neuronal identification.

Neuronal segmentation, measurement, and miscellaneous calculations {#s4-4}
------------------------------------------------------------------

After the image analysis process, neural signals were quantized automatically by a gradient vector field (GVF)-based cell-tracking algorithm ([@bib17]). Briefly, starting from all the pixels in the first image, the computed GVF is used to find the initial location of all the neurons. A small region is cropped out from the center of each neuron in the next image, and the local flow tracking is performed in the cropped region. The local flow tracking is repeated until the last image for all the initial neurons. The acquired time series were resampled by linear interpolation for statistical analyses. Mean calcium activity and standard errors were calculated after they were normalized to the minimum of the time series, which is usually the baseline of the transients. For population behavioral analyses, transition time points were extracted first, then the length of behavior immediately before the transition was measured. Inverse of the pre-transition duration is the rate of transition. Average transition rates were calculated by harmonic mean, and corresponding standard deviation by jackknife estimation ([@bib15]). For statistical comparison of two means, we employed the nonparametric Mann-Whitney test to see if they have significant difference. As for the error bars in the plots, we used 83.4% confidence interval to visualize the statistical difference of the means (non-overlapping 83.4% CIs correspond to P-value being \<0.05).

Population behavioral assays {#s4-5}
----------------------------

We equipped a stereo microscope (MVX10, Olympus, Tokyo, Japan) with a halogen lamp illuminator (MI-150, inner IR filter removed, Dolan-Jenner Industries, Boxborough, Massachusetts), a thermoelectric heat pump (MCTE1-19913L-S, Farnell), and a temperature controller (5R6-900, Oven Industries). These devices were used synchronously to rapidly heat a 10 cm agar pad for the delivery of noxious heat stimuli. A sCMOS camera (pco.edge, PCO, Kelheim, Germany), an LED illuminator (120LED, X-Cite), and the temperature controller were connected to a PC and controlled by a software package (available upon request) written in MATLAB. Temperature of the agar was carefully calibrated, monitored, and automatically adjusted during the assay. About 20 worms were washed twice with M9 buffer matching the T~C~, and carefully transferred to the agar pad by a siliconized pipette tip. Excess liquid was removed by gentle puff of nitrogen. We let worms crawl around for 5 min before the start of acquisition. The image stream was saved as a raw binary on an SSD RAID system for maximum possible frame rate and resolution (20 fps, 2048 x 2048). A GUI based script was developed to quickly go through the image stream to manually label the worm's behavior frame by frame.

Single-worm behavioral assays {#s4-6}
-----------------------------

On an optical table, a CCD camera (Manta G-125, Allied Vision Technologies, Newburyport, Massachusetts), a motorized microscope stage (MAX20X, Thorlabs), and a stepper motor controller (BSC102, Thorlabs) were assembled to move a 10 cm agar plate while acquiring images. Two galvanometer scanners (GVS002, Thorlabs), an analog output module (NI 9263, National Instruments), a fiber-coupled IR laser (FOL1404QQM-617-1440, Fitel), a laser diode controller (LDC240C, Thorlabs), and a temperature controller (TED350, Thorlabs) were added to steer and deliver an IR laser beam with high precision. A laboratory-developed software package in LabVIEW (National Instruments) controls all the devices, acquires images, recognizes a freely-moving worm, continuously moves the stage for tracking, and steers galvanometer scanners to deliver IR zaps to the head region of the worm. 100 ms, 50--250 mA laser zaps were used as noxious heat stimuli. After the acquisition, the images were manually labeled to calculate mean reversal durations right after the laser stimuli.

Worm strains, transgenes, microinjection, and cell ablations {#s4-7}
------------------------------------------------------------

All strains were maintained according to a standard protocol ([@bib30]). Most of the transgenes used in this study were prepared either by PCR fusion ([@bib12]) or the Gateway system (MultiSite Gateway, Invitrogen, Waltham, Massachusetts). For a list of strains, recombination sites, genotyping conditions, and primers used in this study, see [Tables 1](#tbl1){ref-type="table"}--[3](#tbl3){ref-type="table"}. Microinjection was performed essentially same as previously established ([@bib20]), with a micromanipulator (MO-202U, Narishige, East Meadow, New York), and microinjector (PLI-100, Harvard Apparatus, Holliston, Massachusetts) on an inverted microscope (TE2000E, Nikon). The injection needle (fire polished aluminosilicate glass with filament, O.D.: 1.0 mm and I.D.: 0.64 mm, AF100-64-10, Sutter) was pulled with a micropipette puller (P-97, Sutter, Novato, California) with the following parameters (P = 999, Heat=482, Vel = 50, and Time = 250): this combination produces vastly superior injection needles both in durability and sharpness to conventional borosilicate ones described elsewhere. Cell ablation assays were performed essentially same as previously reported ([@bib1]), with a UV laser (DUO-220, Spectra-Physics, Mountain View, California), laser dye (10 mM coumarin 440, A9891, Sigma), and an objective lens (Plan Apo 100x Oil NA 1.40, Nikon). Transgenic L2-L3 worms were transferred to a coverslip and anesthetized with 20 mM levamisole (31742, Sigma-Aldrich). A small number (100--1000) of 25 µm microbeads (07313, Polysciences, Warrington, Pennsylvania) were added as spacers between the coverslips to prevent the squashing of the worms. We found this method to be better than the traditional technique, which uses a high concentration of agarose, because it had slower dehydration levels and was easier to set up. Because AWC neurons are located in the outermost region, it is easier and effective to kill the neuron closer to the objective first, and then simply flip the coverslip sandwich for the neuron on the other side.10.7554/eLife.19021.016Table 1.A list of worm strains used in this study.**DOI:** [http://dx.doi.org/10.7554/eLife.19021.016](10.7554/eLife.19021.016)Serial NumberStrain NameRRIDGenotypeNote120CX10231*kyIs408\[srsx-3::GFP;str-2::dsRed2;elt-2::GFP\]; nsy-7 (tm3080)*A gift from Bargmann lab359WSR85RRID:[WB_WSR85](https://scicrunch.org/resolver/WB_WSR85)*kyIs408; nsy-7(tm3080); rgaIs1; rgaIs2; rgaIs3*Genotyped for *tm3080*, screened for transgenics360WSR86RRID:[WB_WSR86](https://scicrunch.org/resolver/WB_WSR85)*kyIs408; nsy-7(tm3080); rgaIs1; rgaIs2; rgaIs3*Genotyped for *tm3080*, screened for transgenics363VC390RRID:[WB_VC390](https://scicrunch.org/resolver/WB_VC390)*nsy-1(ok593)*CGC365AU3RRID:[WB_AU3](https://scicrunch.org/resolver/WB_AU3)*nsy-1(ag3) II*CGC366CX7894RRID:[WB_CX7894](https://scicrunch.org/resolver/WB_CX7894)*kyIs408*A gift from Bargmann lab370WSR90RRID:[WB_WSR90](https://scicrunch.org/resolver/WB_WSR90)*kyIs408; rgaIs1\[rgef-1p::NLS-G-GECO1.1-T2A-NLS-DsRed2\]; rgaIs2\[rgef-1p::NLS-G-GECO1.1-T2A-NLS-DsRed2\]; rgaIs3\[tax-4p::NLS-mNeptune\]*Generated by crossing CX7894 and WSR90372WSR92RRID:[WB_WSR92](https://scicrunch.org/resolver/WB_WSR92)*rgaIs1\[rgef-1p::NLS-G-GECO1.1-T2A-NLS-DsRed2\]; rgaIs2\[rgef-1p::NLS-G-GECO1.1-T2A-NLS-DsRed2\]; rgaIs3\[tax-4p::NLS-mNeptune\]*Screened for transgenics373WSR93RRID:[WB_WSR93](https://scicrunch.org/resolver/WB_WSR93)*rgaIs1\[rgef-1p::NLS-G-GECO1.1-T2A-NLS-DsRed2\]; rgaIs2\[rgef-1p::NLS-G-GECO1.1-T2A-NLS-DsRed2\]; rgaIs4\[glr-1p::NLS-mNeptune\]*Screened for transgenics384WSR99RRID:[WB_WSR99](https://scicrunch.org/resolver/WB_WSR99)*kyIs140 \[str-2::GFP + lin-15(+)\]; nsy-1(ky397); rgaIs1; rgaIs2; rgaIs3*Genotyped for *ky397*, screened for transgenics385WSR100RRID:[WB_WSR100](https://scicrunch.org/resolver/WB_WSR100)*nsy-1(ok593); rgaIs1; rgaIs2; rgaIs3*Genotyped for *ok593*, screened for transgenics406WSR120RRID:[WB_WSR120](https://scicrunch.org/resolver/WB_WSR120)*rgaEx1\[ttx-3p::G-GECO1.1-T2A-DsRed2\]; rgaEx2\[odr-1p::NLS-G-GECO1.1-T2A-NLS-DsRed2; lin-44p::DsRedT3\]*Extra-chromosomal410WSR124RRID:[WB_WSR124](https://scicrunch.org/resolver/WB_WSR124)*rgaIs5\[ttx-3p::G-GECO1.1-T2A-DsRed2; odr1-p::NLS-G-GECO1.1-T2A-NLSDsRed2; lin-44p::DsRedT3\]*5033 cGy irradiation of strain WSR120411WSR125RRID:[WB_WSR125](https://scicrunch.org/resolver/WB_WSR125)*rgaIs6\[ttx-3p::G-GECO1.1-T2A-DsRed2; odr1-p::NLS-G-GECO1.1-T2A-NLSDsRed2; lin-44p::DsRedT3\]*5033 cGy irradiation of strain WSR120413WSR126RRID:[WB_WSR126](https://scicrunch.org/resolver/WB_WSR126)*rgaIs5*WSR124 was outcrossed 2X with N2, resulting in strain WSR126414WSR127RRID:[WB_WSR127](https://scicrunch.org/resolver/WB_WSR127)*kyIs408; rgaIs5*Screened for transgenics415WSR128RRID:[WB_WSR128](https://scicrunch.org/resolver/WB_WSR128)*kyIs408; rgaIs5*Screened for transgenics416WSR129RRID:[WB_WSR129](https://scicrunch.org/resolver/WB_WSR139)*nsy-7 (tm3080); rgaIs5*Genotyped for *tm3080*, screened for transgenics418WSR131RRID:[WB_WSR131](https://scicrunch.org/resolver/WB_WSR131)*kyIs408/+; rgaIs5/+*Screened for transgenics420WSR133RRID:[WB_WSR133](https://scicrunch.org/resolver/WB_WSR133)*nsy-1(ok593); rgaIs5*Genotyped for *ok593*, screened for transgenics421WSR134RRID:[WB_WSR134](https://scicrunch.org/resolver/WB_WSR134)*nsy-1(ok593); rgaIs5*Genotyped for *ok593*, screened for transgenics10.7554/eLife.19021.017Table 2.A list of plasmid constructs used in this study.**DOI:** [http://dx.doi.org/10.7554/eLife.19021.017](10.7554/eLife.19021.017)Plasmid NameContentPlasmid ConstructionDonor Vecotr \#1/att-PCRP-attDonor Vector \#2Donor Vector \#3Donor Vector \#4pWRPN01{pENTR L1-odr-1 promoter-L5r}BP reaction: att-odr-1 promoter-att + pDONR P1-P5rattB1-odr-1 promoter-attB5rpDONR P1-P5rpWRPN02{pDEST R1-chloramphenicol-ccdB-R2/pPD95.75}pPD95.75 was cut with AgeI and EcoRI to remove GFP, then Gateway cassette RfA was inserted;pWRPN03{pENTR L1-ttx-3 element-L4}BP reaction: att-ttx-3 element-att + pDONR P1-P4attB1-ttx- 3 element-attB4pDONR P1-P4pWRPN04{pENTR L5-DsRedT3-L2}BP reactionpWRPN05{pENTR L1-lin-44 promoter-L5}BP reactionpWRPN06{pENTR L5-NLS-G-GECO1.1-T2A-NLS-DsRed2-L2}BP reaction: att-NLS-G-GECO1.1-T2A-NLS-DsRed2-att + pDONR P5-P2attB5-NLS-G-GECO1.1-T2A-NLS-DsRed2-attB2pDONR P5-P2pWRPN07{pExp B1-lin-44 promoter-B5-DsRed.T3-B2/pP95.75}LR reaction: pWRPN05 + pWRPN04 + pWRPN02pWRPN05pWRPN04pWRPN02pWRPN08{pExp odr-1 promoter-NLS-G-GECO1.1-T2A-NLS-DsRed2/pP95.75}LR reaction: pWRPN01 + pWRPN06 + pWRPN02pWRPN01pWRPN06pWRPN02pWRPN09{pEXP ttx-3 element-G-GECO1.1-T2A-DsRed2/pPD95.75}LR reaction: pWRPN03 + pENTR L4-G-GECO1.1-L3 + pENTR L3-DsRed2-L2 + pWRPN02pWRPN03pENTR L4-G-GECO-L3pENTR L3-DsRed2-L2pWRPN02pWRPN10{L3613 rgef-1 promoter-NLS-G-GECO1.1-T2A-NLS-DsRed2}pWRPN11{L3613 tax-4 promoter-mNeptune}pWRPN12{L3613 glr-1 promoter-mNeptune}10.7554/eLife.19021.018Table 3.A list of genotyping performed in this study.**DOI:** [http://dx.doi.org/10.7554/eLife.19021.018](10.7554/eLife.19021.018)Mutation to GenotypeForward Primer 5\' \--\> 3\'Reverse Primer 5\' \--\> 3\'Sequencing PrimerPCR Conditions\*Wild-typeMutant*gcy-8 (oy44)*(WRO245) gcctaccaaattatttcaaacatc(WRO246) TTGATAATTAAAATGCAAGACGAACN/APhusion Hot Start II; 1. 98°C, 1:00; 2. 98°C, 0:15; 3. 58°C, 0:30; 4. 72°C, 1:45; 5. Go to 2, 34x; 6. 72°C, 10:00; 7. 4°C2225 bp band750 bp \< band \< 1 kb*gcy-18 (nj38)*(WRO247) GAATAGAATGAGACGAATGAAATTTG(WRO248) TGTTACCTACCAAGTGCCTAACTTACN/APhusion Hot Start II; 1. 98°C, 1:00; 2. 98°C, 0:15; 3. 58°C, 0:30; 4. 72°C, 1:45; 5. Go to 2, 34x; 6. 72°C, 10:00; 7. 4°C1459 bp band\~500 bp band*gcy-23 (nj37)*(WRO252) CATCTACGGCTACATCCATCTC(WRO253) TCCATCATACGCATCATCTGN/APhusion Hot Start II; 1. 98°C, 1:00; 2. 98°C, 0:15; 3. 65°C, 0:30; 4. 72°C, 1:45; 5. Go to 2, 34x; 6. 72°C, 10:00; 7. 4°C2141 bp band1 kb \< band \< 1.5 kb\
*nsy-1 (ky397)*(WRO243) agtcagccatcaagtcctattg(WRO244) TTTCAACCAACCTGGCC(WRO268) CGATGATACAAATCACCPhusion Hot Start II; 1. 98°C, 1:00; 2. 98°C, 0:15; 3. 56.9°C, 0:30; 4. 72°C, 0:20; 5. Go to 2, 34x; 6. 72°C, 10:00; 7. 4°Catagttcaagtcgattcttcatgctt**C**aaaaggattcagaacgtagaagatcatagttcaagtcgattcttcatgctt**T**aaaaggattcagaacgtagaagatc*nsy-1 (ok593)*(WRO269) agattcatcaatccgagttg(WRO270) CGAACTCGTTCTTCACGACN/APhusion Hot Start II; 1. 98°C, 1:00; 2. 98°C, 0:15; 3. 58°C, 0:30; 4. 72°C, 1:45; 5. Go to 2, 34x; 6. 72°C, 10:00; 7. 4°C\~2.5 kb band\~280 bp band*nsy-7 (tm3080)*(WRO237) atgggataaggttggtaactagc(WRO238) TACAGGTTGCGAAAGGATATTCN/APhusion Hot Start II; 1. 98°C, 1:00; 2. 98°C, 0:15; 3. 65°C, 0:30; 4. 72°C, 1:30; 5. Go to 2, 34x; 6. 72°C, 10:00; 7. 4°C\~700 bp band\~225 bp band*osm-9(ky10)*(WRO235) GATTATATCAAATGGAAGAAGGGAG(WRO236) GAGTCCTGGAGATTCGGG(WRO255) AACAAGCGGCAAATGCTAGGPhusion Hot Start II; 1. 98°C, 1:00; 2. 98°C, 0:15; 3. 58.8°C, 0:30; 4. 72°C, 1:30; 5. Go to 2, 34x; 6. 72°C, 10:00; 7. 4°Cctttaggc**C**aatcagccctccctttaggc**T**aatcagccctcc*ttx-1 (p767)*(WRO191) ccaaatttcaaaa\
tttgagcactcaaaactctgcct(WRO193) GTAGATTCCGAATTTGCTAGTGGTAACGTCC(WRO196) TTCTGGGATTTTTCAGACTTTCCPhusion Hot Start II; 1. 98°C, 1:00; 2. 98°C, 0:15; 3. 72°C, 0:30; 4. 72°C, 0:40; 5. Go to 2, 34x; 6. 72°C, 10:00; 7. 4°Catgaacagcggaaatttt**G**tgggttttttaaaattaaatgaacagcggaaatttt**A**tgggttttttaaaattaa*tax-4 (p678)*(WRO194) CCTACGACGAAAAAATCAGGTGCATACGAC(WRO195) GGTCCAATGAGATCGTTGAATACTTGTCGAGC(WRO197) TCAGGTGCATACGACTACGPhusion Hot Start II; 1. 98°C, 1:00; 2. 98°C, 0:15; 3. 72°C, 0:30; 4. 72°C, 0:40; 5. Go to 2, 34x; 6. 72°C, 10:00; 7. 4°Cgcggccaccggtggt**C**agccggcatcttccgagcggccaccggtggt**T**agccggcatcttccga[^1]
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Thank you for submitting your article \"Pan-neuronal screening reveals asymmetric neuronal dynamics of AWC neurons is critical for thermal avoidance behavior\" for consideration by *eLife*. Your article has been favorably evaluated by Eve Marder (Senior Editor) and three reviewers, one of whom is a member of our Board of Reviewing Editors. The reviewers have opted to remain anonymous.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

As you can see in the appended reviews below, all three reviewers value the quality and implication of your work. However, there were some substantial concerns about how this work has been framed and a number of other issues require clarification. None of these requested revisions require additional experimentation. Please address each reviewer's point in detail. In no order of importance the requested changes are:

1\) The authors lay claim to a \"novel\" method for neural-activity screening although the concept is obvious to those in the field and arguably has been \"pioneered\" -- if one can call it that -- previously by several other groups. This claim to a novel screening method mars an otherwise great scientific publication. The paper should instead strictly focus on the scientific findings of asymmetric roles for the AWCs in thermal nociception. Specifically, it is recommended that the authors remove the claim of novelty in developing a \"pan-neuronal functional screening system\" (Introduction, second paragraph) by looking at pan-neuronal calcium responses in response to stimuli. The concept is obvious but, avoiding such discussions, this \"technique\" was pioneered initially by Kato et al. in their 2015 Cell publication \"Global Brain Dynamics Embed the Motor Command Sequence of *Caenorhabditis elegans*\" wherein a pan-neuronal calcium signal is screened during fictive locomotory behavior and the active neurons identified through fluorescent reporters ([Figure 1C](#fig1){ref-type="fig"} of the Kato paper).

Furthermore, Venkatachalam et al. apply the very same idea to the worm thermosensory circuit in their 2015 publication \"Pan-neuronal imaging in roaming *Caenorhabditis elegans*\" uncovering 2 unnamed neurons labeled 62 and 18 (Figure supplement 3 of the Venkatachalam paper). A citation which is strikingly missing from the submitted paper despite being published in PNAS within the same issue as the Nguyen paper which Kotera et al. do cite. Further to this, Kotera and colleagues should cite the work of the Samuel\'s lab as it is a direct precedent to their own work and sets the stage for their newly published discoveries.

Altogether, the claim of a novel technique is a distraction from what is otherwise a great scientific paper.

2\) The authors use several fluorophores that present odd choices given the availability of newer and better alternatives. This is not problematic but readers will be left to wonder why such choices were made. We recommend the authors address this upfront to direct readers to the alternatives.

Chief among these strange choices is GECO1.1. While an improvement on GCaMP3, GECO1.1 fairs poorly when compared to GCaMP6 (the new standard in the field) -- please see both the original papers from Zhao et al. 2011 on GECO1.1, Chen et al. 2013 on GCaMP6, and the Neurophotonics comparison in 2015. Presumably the choice was influenced by when Kotera and colleagues began their work. Still, given the array of choices, readers should be advised of best practices.

Second, the Discosoma-derived proteins such as DsRed, DsRed2, and mCherry have long been known to have ill effects in worm and, recent yet to be published work by Monica Driscoll\'s lab show that neurons react poorly to these fluorescent proteins. For this reason, TagRFP is often used in place of DsRed.

Third, mNeptune has been superseded by mNeptune2.5 which provides a nearly 2-fold improvement in brightness -- published in 2014 by the Lin lab at Stanford.

As stated, these are not major issues. The authors should simply address choices for best practices since readers have easy access to strains and plasmids that represent newer better alternatives to the ones used.

3\) The authors discover several unreported neurons to be thermo-sensitive. They choose to focus on AWC, a neuron with multiple but conflicting publications stating its thermo-sensitivity. The readers are left to wonder why the authors forewent the more obvious choice of exploring the novel finding of unreported thermo-responsive neurons. The authors should address this choice. Perhaps another paper is forthcoming with their results for RIS. RMDV and SMDV activity (motor neurons innervating the head) are likely reflections of downstream head actions in response to thermal stimulus. This a simple loose end that can receive a quick mention.

4\) The authors have developed an impressive imaging rig capable of delivering thermal stimulus. Presumably a future paper will cover this novel rig but for now, in the spirit of openness, the software should be released to the community for public use in an open source repository and not simply made available upon request. This also benefits the science by providing transparency in the algorithms used to identify neurons, resolve their activity, and the analysis used to assay neural activity and behavioral correlates.

5\) The supplement should match up the reporters used in the paper with the neurons they were used to identify. As has been the case multiple times in our field, future papers may find that some of the identifications were erroneous. This will help in quick corrections to the knowledge base.

6\) G/R ratio should be explicitly defined in [Figure 1C](#fig1){ref-type="fig"}, where it is first used, as opposed to [Figure 2](#fig2){ref-type="fig"}.

7\) In [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}, the thermal stimulus should be marked on the individual graphs so as to make sense of the neural traces.

8\) [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"} shows the poor S/N in AWC-OFF due to the G-GECO measurement against the srsx-3p::GFP reporter. The S/N vastly improves in [Figure 2C](#fig2){ref-type="fig"}. How was this accomplished? Did the authors interpolate AWC OFF and ON from their thermal responses and then measure their activity with no OFF/ON identification reporters present?

9\) The AWC fates in nsy-1 and nsy-7 mutant background requires a citation (subsection "nsy-1 and nsy-7 mutations alter the functional asymmetry in AWC neurons during noxious thermal stimulation", first paragraph).

10\) The term \"turn\" (first mentioned in the second paragraph of the subsection "nsy-1 and nsy-7 mutations alter the functional asymmetry in AWC neurons during noxious thermal stimulation" and [Figure 4](#fig4){ref-type="fig"}) can have multiple behavioral definitions for worms. The authors should be explicit as to what they mean by \"turn\". Are these omega turns, short reversals that include turning behavior, simple left/right turns?

11\) The type of statistical tests should be explicitly stated and justified alongside the data -- not just in the Methods -- so that readers can assess the implicit assumptions made when comparing measured distributions. Furthermore, claims of normal distributions should be backed by histograms or similar representations of the sampling. Worm behavior often deviates from normality and therefore non-parametric tests are often a more appropriate choice. This problem occurs in [Figure 4](#fig4){ref-type="fig"}, [Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}, and [Figure 5](#fig5){ref-type="fig"}. The authors can switch to violin plots or similar such statistical representations to assure the readers that the sampling is indeed \"normal\".

12\) There is no N provided for [Figure 4](#fig4){ref-type="fig"}. The sample size should be explicitly stated. Furthermore, reversal rate and pausing ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}) appear to be different in a nsy-7 mutant background. Did the authors repeat the experiments with larger sample sizes to rule out a role for AWC-ON in reversal rate and pausing as a response to noxious thermal stimulus? The behavioral transition graphs in [Figure 4---figure supplement 3](#fig4s3){ref-type="fig"} show a clear non-wildtype role for nsy-7 and, inferentially AWC-ON, in response to noxious heat. Yet, these findings receive only a minor mention in the Discussion. We would like some mention at the location where the data is shown as well.

13\) Claims of behavioral adaptation (and lack thereof) to repeated thermal stimulus in [Figure 4](#fig4){ref-type="fig"} should be backed by a goodness of fit regression to a linear or exponential model of adaptation -- or a similar statistic. Scientific claims require stronger evidence than that presented.

14\) On the figures, the error bars are labeled as 83.4% confidence level but presumably the CI is 95% and 83.4% is termed the corresponding \"capture percentage\". The correct term should be used.

15\) [Figure 5](#fig5){ref-type="fig"} fails to show not only the N for the variety of conditions tested but, also, the WT response to 150mA and 250mA laser stimulation. This leads to questions as to how AWC ON/OFF ablation was controlled in the statistical analysis of 150mA and 250mA laser stimulation. The authors should address this by showing the missing data and explaining how the statistical tests were performed.

16\) The term \"sedated\" (Discussion, seventh paragraph) is inappropriate for levamisole-mediated paralysis. The worm\'s neurons are obviously still functional after application of levamisole. We suggest using the term \"paralyzed\" in place of \"sedated\".

17\) The central claim that AWC_OFF was identified by whole brain recording is powerful, but the only data that shows whole brain recording in [Figure 1](#fig1){ref-type="fig"} is in a regime where AWC_OFF is quiet. It would be helpful to show the whole brain recording data that actually uncovered AWC.

18\) An impressive number of cells was identified. They mention using glr-1 expression patterns to help with cell identification, but a more detailed explanation of how they came to their cell identities would be useful.

19\) In the text, they claim to have stable recordings for 60 minutes with this technique. This is an impressive claim, and should be supported by data.

20\) [Figure 5B](#fig5){ref-type="fig"} has a typo. The data that correspond to the ablation experiments should be labeled as such.

21\) The manuscript was overall quite poorly written which made it difficult to read. The rationalization about different \'hierarchies\' in investigating mechanistic underpinnings of behavior was very unclear. After all, calcium imaging is hardly the best or most direct readout of neuronal activity. This was an issue in the Introduction but even more so in the Discussion. This is not the first paper in *C. elegans* or in any other system to infer neuronal functions from examining stimulus-evoked neuronal activity, and it is inaccurate to portray it as such and to not mention many previous similar reports (for *C. elegans* -- for instance see work from the de Bono lab, Chalasani lab etc.).

22\) The authors also do themselves a disservice by not discussing the previous pan-neuronal imaging papers in more detail. Papers from other labs reporting similar imaging methods should be introduced in more detail. In particular, the paper by Venkatachalam et al. from the Samuel lab which specifically reports pan-neuronal imaging of thermal stimuli in freely moving animals is not referenced at all.

23\) Related to the above, please check references throughout. In many cases, references are missing altogether or the wrong references are included. For example, the role of AFD in thermosensation (Introduction, fourth paragraph) was first shown by Mori et al. in 1995. The Biron et al. 2008 paper is the wrong reference here as is the Kimura paper.

24\) The authors indicate that the AWC transients shown in Biron et al. 2008 are similar to interneuronal imaging (Introduction, fourth paragraph). What data is this assertion based on? Please provide references.

25\) The authors should reference the Zimmer paper when discussing the use of nuclear-localized GECIs (subsection "Pan-neuronal calcium imaging coupled with thermal perturbations reveals novel neural functions", second paragraph) for pan-neuronal imaging.

26\) [Figure 1B](#fig1){ref-type="fig"} -- it would be useful to include in a supplemental what the identities of all imaged neurons are beyond just the few that are labeled. There are clearly neurons that appear to show temperature responses correlated with those in AFD but these are not labeled. There is also little information provided about neuronal identification beyond the description of a few markers that were used. Many of these markers are expressed in multiple cell types. How did the authors unambiguously identify neuronal nuclei? By position as well?

27\) [Figure 1C](#fig1){ref-type="fig"} -- it is important to clearly indicate that the scales on the Y axes are different or replot to place them on the same scale.

28\) In the last paragraph of the subsection "Pan-neuronal calcium imaging coupled with thermal perturbations reveals novel neural functions": The authors appear to be able to detect calcium transients in the AIY soma and refer to Clark et al. 2006 as having showed this before. However, Clark et al. 2006 specifically noted that AIY signals were detected only at a \'varicosity\' in the AIY axons and that no signals were detected in the soma.

29\) While the authors show a detailed pan-neuronal response map for stimuli in the non-noxious range in [Figure 1](#fig1){ref-type="fig"}, why isn\'t a similar map shown for the nociceptive stimulus which after all is the major topic of the work? This is a pretty strong stimulus -- it is important to get an idea of how much of the nervous system responds to this stimulus, and whether there are more L/R asymmetries in the response.

30\) Other groups have shown that sensory neuron responses can be driven by other primary responder sensory neurons. Do the authors know whether the AWC responses they observe are due to direct detection of the stimulus or whether AWC responses are being driven by other neurons, for instance AFD or even FLP?

31\) Please comment why loss of both AWC neurons results in maintained reversals to 150 mA laser stimulus, but loss of just the AWC(OFF) neuron abolish it?
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Author response

\[...\]

*As you can see in the appended reviews below, all three reviewers value the quality and implication of your work. However, there were some substantial concerns about how this work has been framed and a number of other issues require clarification. None of these requested revisions require additional experimentation. Please address each reviewer's point in detail. In no order of importance the requested changes are:*

*1) The authors lay claim to a \"novel\" method for neural-activity screening although the concept is obvious to those in the field and arguably has been \"pioneered\" -- if one can call it that -- previously by several other groups. This claim to a novel screening method mars an otherwise great scientific publication. The paper should instead strictly focus on the scientific findings of asymmetric roles for the AWCs in thermal nociception. Specifically, it is recommended that the authors remove the claim of novelty in developing a \"pan-neuronal functional screening system\" (Introduction, second paragraph) by looking at pan-neuronal calcium responses in response to stimuli. The concept is obvious but, avoiding such discussions, this \"technique\" was pioneered initially by Kato et al. in their 2015 Cell publication \"Global Brain Dynamics Embed the Motor Command Sequence of Caenorhabditis elegans\" wherein a pan-neuronal calcium signal is screened during fictive locomotory behavior and the active neurons identified through fluorescent reporters ([Figure 1C](#fig1){ref-type="fig"} of the Kato paper).*

*Furthermore, Venkatachalam et al. apply the very same idea to the worm thermosensory circuit in their 2015 publication \"Pan-neuronal imaging in roaming Caenorhabditis elegans\" uncovering 2 unnamed neurons labeled 62 and 18 (Figure supplement 3 of the Venkatachalam paper). A citation which is strikingly missing from the submitted paper despite being published in PNAS within the same issue as the Nguyen paper which Kotera et al. do cite. Further to this, Kotera and colleagues should cite the work of the Samuel\'s lab as it is a direct precedent to their own work and sets the stage for their newly published discoveries.*

*Altogether, the claim of a novel technique is a distraction from what is otherwise a great scientific paper.*

Thanks for the suggestions. We have carefully modified the text so that it describes our system as extension of the previously reported systems (Introduction, second paragraph). We also included the citations you have suggested.

*2) The authors use several fluorophores that present odd choices given the availability of newer and better alternatives. This is not problematic but readers will be left to wonder why such choices were made. We recommend the authors address this upfront to direct readers to the alternatives.*

*Chief among these strange choices is GECO1.1. While an improvement on GCaMP3, GECO1.1 fairs poorly when compared to GCaMP6 (the new standard in the field) -- please see both the original papers from Zhao et al. 2011 on GECO1.1, Chen et al. 2013 on GCaMP6, and the Neurophotonics comparison in 2015. Presumably the choice was influenced by when Kotera and colleagues began their work. Still, given the array of choices, readers should be advised of best practices.*

*Second, the Discosoma-derived proteins such as DsRed, DsRed2, and mCherry have long been known to have ill effects in worm and, recent yet to be published work by Monica Driscoll\'s lab show that neurons react poorly to these fluorescent proteins. For this reason, TagRFP is often used in place of DsRed.*

*Third, mNeptune has been superseded by mNeptune2.5 which provides a nearly 2-fold improvement in brightness -- published in 2014 by the Lin lab at Stanford.*

*As stated, these are not major issues. The authors should simply address choices for best practices since readers have easy access to strains and plasmids that represent newer better alternatives to the ones used.*

We respectfully disagree with the notion that G-GECO1.1 is a "strange choice". The original paper describing GECO series have been cited over 300 times and they have been successfully used in many labs around the globe. Both the GECO and GCaMP6 variants display excellent performance in terms of S/N ratio, brightness, stability, kinetics, and dynamic range. Often the truth is one indicator may perform better than the other in some ways in some situations but not in all ways in all the situations. As far as we know there has not been any direct comparison of these indicators in the neurons of *C. elegans*. The Neurophotonics paper you suggested compares these indicators in the mammalian neurons using 2-photon system and evoked action potentials, which is entirely different from what we have measured in this study. Nonetheless, given the popularity of GCaMP6 variants, we mentioned the possibility of improvement using such indicator in the Discussion section (seventh paragraph).

As for the Discosoma-derived FPs, not all variants show phototoxicity in *C. elegans*. DsRed2 was developed to mitigate the slightly toxic effect sometimes observed in the original DsRed, which was associated with protein aggregation. As far as we can tell DsRed2 does not aggregate in *C. elegans* neurons and we have not noticed any toxic effect by this FP. The other reason we chose DsRed2 is its secondary absorption peak at around 488nm which matches the absorption peak of G-GECO. We cannot address "best practice" in this setup because we have not done comparison to TagRFP or any other FPs in this context. Similar argument goes to the mNeptune variants as well.

*3) The authors discover several unreported neurons to be thermo-sensitive. They choose to focus on AWC, a neuron with multiple but conflicting publications stating its thermo-sensitivity. The readers are left to wonder why the authors forewent the more obvious choice of exploring the novel finding of unreported thermo-responsive neurons. The authors should address this choice. Perhaps another paper is forthcoming with their results for RIS. RMDV and SMDV activity (motor neurons innervating the head) are likely reflections of downstream head actions in response to thermal stimulus. This a simple loose end that can receive a quick mention.*

Thank you for the comment. The short answer to the question is that we decided to focus on the noxious stimulus because it has been less studied and connects better with other ongoing projects in the lab. While RIS, RMDV, and SMDV responded to the thermal ramp stimulation, they did not respond to the noxious thermal stimuli. We added this notion to the text (subsection "AWC neurons respond asymmetrically to noxious thermal stimuli", second paragraph).

*4) The authors have developed an impressive imaging rig capable of delivering thermal stimulus. Presumably a future paper will cover this novel rig but for now, in the spirit of openness, the software should be released to the community for public use in an open source repository and not simply made available upon request. This also benefits the science by providing transparency in the algorithms used to identify neurons, resolve their activity, and the analysis used to assay neural activity and behavioral correlates.*

The software package we developed integrates CUDA-based libraries provided by Dr. Butte, which at time were distributed freely but since then he changed his policy and now they are proprietary. We can probably work on individual requests for scientific projects but we cannot make it open source as is. We do understand the importance of open source spirits, and we would like to rewrite the libraries from scratch in the near future so that the whole package will be freely available. But unfortunately such project is currently beyond our capabilities and cannot accompany this publication.

*5) The supplement should match up the reporters used in the paper with the neurons they were used to identify. As has been the case multiple times in our field, future papers may find that some of the identifications were erroneous. This will help in quick corrections to the knowledge base.*

We have added a supplementary figure ([Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}) to show how we identify the head neurons using reference markers such as glr-1p::mNeptune.

*6) G/R ratio should be explicitly defined in [Figure 1C](#fig1){ref-type="fig"}, where it is first used, as opposed to [Figure 2](#fig2){ref-type="fig"}.*

Thank you. The figure legends are fixed accordingly.

*7) In [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}, the thermal stimulus should be marked on the individual graphs so as to make sense of the neural traces.*

These experiments follow the same conditions as [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}, and the thermal ramp stimulus is shown there. We added description explaining the stimulus in the figure legend.

*8) [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"} shows the poor S/N in AWC-OFF due to the G-GECO measurement against the srsx-3p::GFP reporter. The S/N vastly improves in [Figure 2C](#fig2){ref-type="fig"}. How was this accomplished? Did the authors interpolate AWC OFF and ON from their thermal responses and then measure their activity with no OFF/ON identification reporters present?*

Yes, that is the case. After we confirmed ON/OFF identities of the calcium transients with srsx-3p::GFP and str-2p::DsRed reporters, along with the calcium transients in nsy-1 and nsy-7 mutants, we were very confident that the direction of calcium transients alone was sufficient to call ON/OFF identities in AWC neurons.

*9) The AWC fates in nsy-1 and nsy-7 mutant background requires a citation (subsection "nsy-1 and nsy-7 mutations alter the functional asymmetry in AWC neurons during noxious thermal stimulation", first paragraph).*

We have added appropriate citations for nsy-1 and nsy-7 mutants in regard to AWC cell fates.

*10) The term \"turn\" (first mentioned in the second paragraph of the subsection "nsy-1 and nsy-7 mutations alter the functional asymmetry in AWC neurons during noxious thermal stimulation" and [Figure 4](#fig4){ref-type="fig"}) can have multiple behavioral definitions for worms. The authors should be explicit as to what they mean by \"turn\". Are these omega turns, short reversals that include turning behavior, simple left/right turns?*

The turn in this context is explicitly omega turn. We have added description in the text and figure legend.

*11) The type of statistical tests should be explicitly stated and justified alongside the data -- not just in the Methods -- so that readers can assess the implicit assumptions made when comparing measured distributions. Furthermore, claims of normal distributions should be backed by histograms or similar representations of the sampling. Worm behavior often deviates from normality and therefore non-parametric tests are often a more appropriate choice. This problem occurs in [Figure 4](#fig4){ref-type="fig"}, [Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}, and [Figure 5](#fig5){ref-type="fig"}. The authors can switch to violin plots or similar such statistical representations to assure the readers that the sampling is indeed \"normal\".*

Thanks for the suggestion. We have added description of statistical methods used in the figure legends.

As the reviewer suggests, the behavioral data we collected contained some non-normal distribution: we now use a nonparametric test (Mann-Whitney) to determine if the means are significantly different.

As for the plots, we re-calculated the 83.4% confidence intervals by bootstrapping method in order to more accurately express the CIs of the non-normal distributions. We have changed the figure legends and Methods section accordingly.

*12) There is no N provided for [Figure 4](#fig4){ref-type="fig"}. The sample size should be explicitly stated. Furthermore, reversal rate and pausing ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}) appear to be different in a nsy-7 mutant background. Did the authors repeat the experiments with larger sample sizes to rule out a role for AWC-ON in reversal rate and pausing as a response to noxious thermal stimulus? The behavioral transition graphs in [Figure 4---figure supplement 3](#fig4s3){ref-type="fig"} show a clear non-wildtype role for nsy-7 and, inferentially AWC-ON, in response to noxious heat. Yet, these findings receive only a minor mention in the Discussion. We would like some mention at the location where the data is shown as well.*

We added sample sizes for [Figure 4A](#fig4){ref-type="fig"}. For other figure panels in [Figure 4](#fig4){ref-type="fig"}. there are too many data points (over 100) to be listed in the figure legend: we provide minimum number of worms for each strain in the figure legend.

[Figure 4---figure supplement 1](#fig4s1){ref-type="fig"} shows fraction of behaviors, not the rate of behaviors. The experiment was designed to efficiently screen for behavioral differences among the mutants. Although we used fairly large sample sizes (\>100), fractions are just an averaged result of different transitions, and we could not find definitive hypothesis for the roles of AWC-ON neurons in these assays. Instead we focused on AWC-OFF neuron for detailed transition analysis because the difference between N2 and nsy-1 looked promising (p \< 0.001). We also added statement in the legend to refer to statistical data in supplementary files.

*13) Claims of behavioral adaptation (and lack thereof) to repeated thermal stimulus in [Figure 4](#fig4){ref-type="fig"} should be backed by a goodness of fit regression to a linear or exponential model of adaptation -- or a similar statistic. Scientific claims require stronger evidence than that presented.*

We understand the concern here but believe that our qualitative report of adaptation is clear given the presentation of CI. We are not making claims that the adaptation follows a certain functional model or that responses fall to some quantified ratio. We slightly changed the wording in the text to state that modeling adaptation it itself is not the critical part of this report.

*14) On the figures, the error bars are labeled as 83.4% confidence level but presumably the CI is 95% and 83.4% is termed the corresponding \"capture percentage\". The correct term should be used.*

As stated in the legends, we calculated error bars to indicate 83.4% confidence intervals. A pair of non-overlapping 83.4% CIs are good visual representation of statistical significance, but not the 95% CIs. We did not use capture percentage in this study.

*15) [Figure 5](#fig5){ref-type="fig"} fails to show not only the N for the variety of conditions tested but, also, the WT response to 150mA and 250mA laser stimulation. This leads to questions as to how AWC ON/OFF ablation was controlled in the statistical analysis of 150mA and 250mA laser stimulation. The authors should address this by showing the missing data and explaining how the statistical tests were performed.*

We added sample sizes for these assays. As for the statistical analysis, all the mutants and cell ablated worms were compared to N2 at 50 mA. Because the mutants and cell ablated worms have different thresholds for the reversal behavior after the stimulation, we believe it is more appropriate to compare them against the wild type that went over the threshold.

*16) The term \"sedated\" (Discussion, seventh paragraph) is inappropriate for levamisole-mediated paralysis. The worm\'s neurons are obviously still functional after application of levamisole. We suggest using the term \"paralyzed\" in place of \"sedated\".*

Thank you for the correction. We have changed the wording accordingly.

*17) The central claim that AWC_OFF was identified by whole brain recording is powerful, but the only data that shows whole brain recording in [Figure 1](#fig1){ref-type="fig"} is in a regime where AWC_OFF is quiet. It would be helpful to show the whole brain recording data that actually uncovered AWC.*

The whole brain recording in the thermal nociceptive assay had only a handful neurons with strong correlation to the stimuli. In order to show the effectiveness of the whole brain recording, we believe that the results from the thermal gradient assay is more suited because it displays wide range of responses from various neurons, and the thermal gradient stimuli has been used in many prior publications.

*18) An impressive number of cells was identified. They mention using glr-1 expression patterns to help with cell identification, but a more detailed explanation of how they came to their cell identities would be useful.*

We have added a figure ([Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}) that shows how we typically label thermosensory neurons by assessing the relative location to the known neural markers such as glr-1p.

*19) In the text, they claim to have stable recordings for 60 minutes with this technique. This is an impressive claim, and should be supported by data.*

We have added a figure that shows calcium transients of AFD neurons up to 45 minutes. Publication-ready 60-minute recording was not immediately available, so we changed the notion in the text accordingly.

*20) [Figure 5B](#fig5){ref-type="fig"} has a typo. The data that correspond to the ablation experiments should be labeled as such.*

We could not locate the typo, but we did add a description that clarifies the meaning of AWC numbers in the legend.

*21) The manuscript was overall quite poorly written which made it difficult to read. The rationalization about different \'hierarchies\' in investigating mechanistic underpinnings of behavior was very unclear. After all, calcium imaging is hardly the best or most direct readout of neuronal activity. This was an issue in the Introduction but even more so in the Discussion. This is not the first paper in C. elegans or in any other system to infer neuronal functions from examining stimulus-evoked neuronal activity, and it is inaccurate to portray it as such and to not mention many previous similar reports (for C. elegans -- for instance see work from the de Bono lab, Chalasani lab etc.).*

We have modified the text (Introduction, second paragraph, and Discussion, second paragraph) that our pan-neuronal screening system is extension of previously reported systems. We also added more citations to the previous systems.

*22) The authors also do themselves a disservice by not discussing the previous pan-neuronal imaging papers in more detail. Papers from other labs reporting similar imaging methods should be introduced in more detail. In particular, the paper by Venkatachalam et al. from the Samuel lab which specifically reports pan-neuronal imaging of thermal stimuli in freely moving animals is not referenced at all.*

We added more description of the previous works, along with appropriate citations (Introduction, second paragraph).

*23) Related to the above, please check references throughout. In many cases, references are missing altogether or the wrong references are included. For example, the role of AFD in thermosensation (Introduction, fourth paragraph) was first shown by Mori et al. in 1995. The Biron et al. 2008 paper is the wrong reference here as is the Kimura paper.*

Thank you for pointing out the omission. We have corrected the citation errors.

*24) The authors indicate that the AWC transients shown in Biron et al. 2008 are similar to interneuronal imaging (Introduction, fourth paragraph). What data is this assertion based on? Please provide references.*

It is a qualitative comparison but we felt our interneuronal signals from AIY ([Figure 2B](#fig2){ref-type="fig"}) is similar to [Figure 1](#fig1){ref-type="fig"} in Biron et al. 2008. They are both short pulses with stochastic characteristics. We added a link to the actual figure (Introduction, fourth paragraph).

*25) The authors should reference the Zimmer paper when discussing the use of nuclear-localized GECIs (subsection "Pan-neuronal calcium imaging coupled with thermal perturbations reveals novel neural functions", second paragraph) for pan-neuronal imaging.*

Thanks for the suggestion. The citation has been added.

*26) [Figure 1B](#fig1){ref-type="fig"} -- it would be useful to include in a supplemental what the identities of all imaged neurons are beyond just the few that are labeled. There are clearly neurons that appear to show temperature responses correlated with those in AFD but these are not labeled. There is also little information provided about neuronal identification beyond the description of a few markers that were used. Many of these markers are expressed in multiple cell types. How did the authors unambiguously identify neuronal nuclei? By position as well?*

We have added a supplementary figure ([Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}) to show how we identify the head neurons using reference markers such as glr-1p::mNeptune.

*27) [Figure 1C](#fig1){ref-type="fig"} -- it is important to clearly indicate that the scales on the Y axes are different or replot to place them on the same scale.*

We added a note in the legend to inform the readers about y-scale.

*28) In the last paragraph of the subsection "Pan-neuronal calcium imaging coupled with thermal perturbations reveals novel neural functions": The authors appear to be able to detect calcium transients in the AIY soma and refer to Clark et al. 2006 as having showed this before. However, Clark et al. 2006 specifically noted that AIY signals were detected only at a \'varicosity\' in the AIY axons and that no signals were detected in the soma.*

In fact, the AIY signal in the nucleus was subtle, as stated in our manuscript. Considering the very strong signals in the dendrites of AIY, we would expect to easily miss signals around the nucleus if the calcium indicator is expressed all throughout the cell.

*29) While the authors show a detailed pan-neuronal response map for stimuli in the non-noxious range in [Figure 1](#fig1){ref-type="fig"}, why isn\'t a similar map shown for the nociceptive stimulus which after all is the major topic of the work? This is a pretty strong stimulus -- it is important to get an idea of how much of the nervous system responds to this stimulus, and whether there are more L/R asymmetries in the response.*

Unlike the pan-neuronal temperature ramp assays, the pan-neuronal nociceptive assays displayed only a few neurons which had positive or negative correlation to the stimuli. In order to show the pan-neuronal nature of the screening method, we thought the map with a thermal ramp stimulation (more responding neurons) was more appropriate and connected better with prior work.

*30) Other groups have shown that sensory neuron responses can be driven by other primary responder sensory neurons. Do the authors know whether the AWC responses they observe are due to direct detection of the stimulus or whether AWC responses are being driven by other neurons, for instance AFD or even FLP?*

As far as the connectivity map goes, there is no direct input from AFD or FLP to AWC. Of course this does not exclude the possibility of indirect or remote interference from these neurons: we did not have strong enough doubt to experimentally confirm such claim.

*31) Please comment why loss of both AWC neurons results in maintained reversals to 150 mA laser stimulus, but loss of just the AWC(OFF) neuron abolish it?*

The loss of AWC(OFF) causes the reversal defect, and the defect can be abolished with stronger stimulation. We have not fully investigated the mechanism of this abolishment, but there seems to be a threshold for it. It is possible that AWC(ON) may shift the threshold for the abolishment of the reversal defect, but currently we do not have a comprehensive model to explain both the mutant and ablation experiments. We decided to include it here anyway and we hope to be able understand this result in future work.

[^1]: \*Using Thermo Scientific Phusion Hot Start II High-Fidelity DNA Polymerase.
